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Abstract
Line-started permanent magnet synchronous motors emerged in the market in response to strict  efficiency goals.  Despite
being a synchronous motor, the rotor of a line-started permanent magnet synchronous motor contains a squirrel cage and,
consequently,  the  behaviour  under  transient  periods  and/or  faulty  operation  is  not  the  same as  for  a  conventional
synchronous motor. In order to study this kind of electrical machine, it is proposed in this paper an equivalent circuit model
and a set of experimental tests to extract the parameters of the equivalent circuit of a line-started permanent magnet
synchronous motor.  To validate  the presented approach,  a  computer  model  of  the machine,  based on the obtained
parameters, was developed, and the simulation results were compared with the experimental motor performance.
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Modelling of a Line-Start Permanent Magnet 
Synchronous Motor, Using Empirical Parameters 
 
1. Introduction 
Line-started permanent magnet synchronous motors (LS PMSM) emerged in the market in 
response to strict efficiency goals. Since LS PMSM are able to start directly connected to the 
grid, they are highly recommended for direct replacement of older Induction Motors (IM). Thus, 
LS PMSM have been the target of significant technology advances [1, 2]. 
Regarding the IM, the no-load test and the locked-rotor test are established to extract the 
equivalent circuit parameters [3]. For synchronous machines, the no-load generator test and 
the short-circuit generator test are established as the most suitable way to extract the 
equivalent circuit parameters [3]. For permanent magnet synchronous motors (PMSM), the back 
electromotive force can also be extracted from the no-load test, and the phase reactances 
from the locked rotor test [4, 5]. 
Regarding the estimation of the parameters needed to model LS PMSM, several studies are 
available in the literature, based on the finite element analysis [6, 7, 8]. However, none of 
them is based on the analytical modelling using equivalent circuit parameters in abc axes. 
In this work a set of experimental tests is proposed to extract the LS PMSM parameters, for a 
cylindrical poles machine. To validate this approach, a computer model of the machine was 
developed, based on the obtained parameters, and the simulation results were compared with 
the experimental motor performance. 
 
2. The Line-Start Permanent Magnet Synchronous Motor 
A LS PMSM is a combination of a permanent magnet synchronous motor (PMSM) and of an 
induction motor (IM). The rotor is formed by permanent magnets and a squirrel cage, as can be 
seen in Figure 1 [1], [9-11]. 
 
 
Figure 1 - Cross section of a three phase LS PMSM [9]. 
 
For a cylindrical poles motor, during the transient period, the electromechanical torque (Tem) 
is given by the combined contribution of both cage torque (Tcg) and permanent magnets torque 
(Tpm). In this period, Tpm present an oscillatory nature, as can be seen in Figure 2. During the 
steady state regime, at synchronous speed, the electromechanical torque is only given by the 
permanent magnets because no currents are induced in the rotor. Thus, total losses and general 
temperature are minimized, increasing the LS PMSM efficiency potential when compared with 
IM. [1], [10-11]. 
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2.1. Equivalent circuit model 
Based on the equivalent circuit of the induction machine (IM) recommended by IEEE, and the 
conventional permanent magnet synchronous motor (PMSM) equivalent circuit, line-started 
permanent magnet synchronous motors (LS PMSM) are represented by a hybrid, per phase, 
equivalent circuit model presented in Figure 3 [3, 9], where: 
 
• rs – per-phase stator winding resistance; 
• Lσs – per-phase stator leakage inductance; 
• r’r – per-phase rotor circuit resistance; 
• Lσ’r – per-phase rotor leakage inductance; 
• Ef – back-EMF; 
• Lm – per-phase stator magnetizing inductance. 
 
It is possible to notice in Figure 3 some technical features of the squirrel cage (Lσ’r and r’r) and 
of the rotor magnets (Ef). 
 
Figure 3  – Per phase equivalent circuit model of a LS PMSM. 
 
3. Empirical parameters of the LS PMSM  
To obtain the parameters of the LS PMSM, a set of experimental tests were conducted on a 
WEG WQuattro motor (Figure 4), according to the scheme presented in Figure 5. 
The tested motor is a hybrid IE4 class motor (super-premium efficiency) with high energy 
permanent magnets, two-pole pairs, and distributed windings. The squirrel cage rotor presents 
deep bars, corresponding to a class A motor [3, 12]. 
At 50 Hz, the star connected motor presents a rated voltage of 400 V line-to-line, a rated power 
of 1.1 kW, and a rated torque of 7 Nm [12]. 
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Figure 5 - Power supply circuit. 
3.1. Per-phase stator winding resistance 
The per-phase stator winding resistance can be measured by using an ohmmeter. To minimize 
the measurement errors, it is advised to connect two phases in series, and measure the 
combined resistance, and to repeat the measurement for the three possible combinations. The 
per-phase stator winding resistance is half of the arithmetic mean value of the three 
measurements. Resistance varies with temperature, so it is advisable to do those measurements 
with the motor temperature near to is normal operating value [4]. 
 
3.2. Locked rotor test 
As for the IM, the locked rotor test allows the determination of the per-phase stator leakage 
inductance, the rotor cage leakage inductance and the rotor resistance. 
In this case, the rotor is locked, and thus no electromotive force, due to the permanent 
magnets, is inducted in the stator windings. In addition, the supply voltage must be very low, 
and so the current in the stator magnetizing inductance, Lm, can be neglected. The LS PMSM 
equivalent circuit corresponding to the locked rotor condition can thus be simplified as 
presented in Figure 6. 
 
 
Figure 6 – Equivalent circuit model for the LS PMSM under locked rotor condition. 
As for the IM locked rotor test, the supply voltage was increased, by means of an auto-
transformer, until the supply current reached its rated value, In. The voltage value applied to 
the motor is designated as short-circuit voltage, Usc. 
 
3.2.1. Calculation of the leakage inductances 
After measuring the current (In), the voltage (Usc) and the phase power (P1) it is possible to 










































3.2.2. Calculation of the rotor resistance 
Considering the locked rotor test, the total circuit resistance is given by [13, 14]: 
 
 













2 − 𝑟𝑠 (6) 
 
3.3. No-load test 
In no-load condition the motor runs at synchronous speed and no current is present in the rotor 
bars. Based on the phasor diagram of Figure 7 and on the power balance, one obtains the 
equations system (7), that allows the calculation of the remaining tree unknown parameters, 
Ef, Xs (synchronous-reactance) and δ (load angle). 
 




𝑈 = 𝐸𝑓 ∙ cos δ + 𝑟𝑠 ∙ 𝐼 ∙ cosφ + 𝑋𝑠 ∙ 𝐼 ∙ sin φ
𝐸𝑓 ∙ sin δ + 𝑟𝑠 ∙ 𝐼 ∙ sinφ = 𝑋𝑠 ∙ 𝐼 ∙ cosφ




3.3.1. Calculation of the synchronous inductance 








3.3.2. Calculation of the stator magnetizing inductance 
The stator magnetizing inductance is obtained through the synchronous inductance and the 
stator leakage inductance [13]. 
 
 𝐿𝑚 = 𝐿𝑠 − 𝐿σ𝑠 (9) 
 
3.4. Calculation of the back-EMF 
The back-EMF obtained in the no-load test is not valid for the all range of operation. In fact, 
by increasing the load, the magnetic saturation levels of iron decrease causing an increase of 
the back-EMF. So, the back-EMF is dependent of both load and speed. 
As it is well known, usually, the back-EMF is defined by [3]: 
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where k is a constructive constant of the machine, and Ψ𝑝𝑚 is the flux generated by the 
permanent magnets. 
By measuring voltage, current, and power with different load values, it is possible to define 
k·Ψpm as a function of Tl, through the analysis of Ef. Note that the value of Xs is already known, 
so to determine Ef for other load levels, only the first two equations of (7) are used. 
 
3.5. Mechanical parameters 
For the dynamic analysis and simulation of a motor drive, at least two mechanical parameters 
(moment of inertia – J; friction and ventilation torque - Tfv) are needed to develop the most 
accurate model, possible. 
 
3.5.1. Calculation of the moment of inertia 
The moment of inertia is a mechanical parameter dependent on the rotor dimensions, given by 






∙ 𝑚 ∙ 𝑟2 (10) 
 
However, in this work, the used value for the moment of inertia was provided by the 
manufacturer [12]. 
 
3.5.2. Mechanical losses 
In a rotating machine, mechanical losses are due to friction and ventilation, which are highly 
dependent on the rotating speed. If we consider only the synchronous speed, the losses due to 
friction and ventilation can be estimated based on the input power of the no-load test. 
However, since the proposed model should be valid for a larger speed range, the friction and 
ventilation torque was obtained by the measurement, at different speeds, of the torque applied 
to the shaft, considering the no-load test for generator operation. When the generator is in 
open-circuit, the torque demand is entirely due to the mechanical losses (friction and 
ventilation). 
 
3.6. LS-PMSM parameters 
The experimental results obtained for the two most significant tests are presented in Tables 1 
and 2. 
Table 1 – Locked-rotor test experimental results. 
IN (A) USC (V) P1 (W) 
2.102 28.24 35.73 
Table 2 – No-load test experimental results. 
I0 (A) Un (V) P0 (W) 
1.786 230 99.53 
 
Thus, based on the proposed methodology, Table 3 presents the motor parameters. 
 
Table 3 - Motor parameters. 
𝑟𝑠  4.2 Ω 
𝐿σ𝑠  17.077 mH 
𝑟′𝑟  3.87 Ω 
𝐿σ′𝑟  17.077 mH 
𝑘Ψ𝑝𝑚(𝑇𝑙) 0.0472 ∙ 𝑇𝑙 + 0.7744 [V ∙ s ∙ rad
−1] 
𝐿𝑚 179 mH 
𝐽 0.005 Kg ∙ m2 
𝑇𝑓𝑣(ω𝑚) 3.93×10
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4. Computational model of the LS PMSM 
In the presented model all the rotor parameters are referred to the stator, the shaft angular 
frequency (ω), referred to the electrical angle (ω·t), is related to the shaft angular frequency 
(ωm) referred to the mechanical angle (ωm·t), by (11), where p is the number of pole pairs. 
 
 ω = 𝑝 ∙ ω𝑚 (11) 
 
The LS PMSM dynamic behaviour can be modelled by considering the electric circuits of both 
stator and rotor, their magnetic coupling and the mechanical interaction between all torques 
applied to the shaft. 
 
4.1. Matrix representation 


















r ] = 0 (13) 
 
Considering the mechanical balance in the shaft, the mechanical speed is given by [16-18]. 
 
 
 𝜔m = ∫




















The back-EMF vector is given by [3]: 
 
 





















The linkage magnetic flux from stator and rotor can be represented as a function of the stator 
and rotor currents and the self and mutual inductances, as follows [16-18]: 
 
 [Ψabc
s ] = ([Labc
σs ] + [Labc
ss ]) ∙ [iabc
s ] + [Labc
sr ] ∙ [iabc
r ] (18) 
 
 [Ψabc
r ] = [Labc
rs ] ∙ [iabc
s ] + ([Labc
σr ] + [Labc
rr ]) ∙ [iabc





σs ] + [Labc
ss ] = [
𝐿σ𝑠 + 𝐿𝐴 𝑀𝐴𝐵 𝑀𝐴𝐶
𝑀𝐵𝐴 𝐿σ𝑠 + 𝐿𝐵 𝑀𝐵𝐶










σr ] + [Labc
rr ] = [
𝐿σ′𝑟 + 𝐿𝑎 𝑀𝑎𝑏 𝑀𝑎𝑐
𝑀𝑏𝑎 𝐿σ′𝑟 + 𝐿𝑏 𝑀𝑏𝑐


















Mutual inductances between stator and rotor have the same maximum value (MSr), however, 




rs ] = [Labc






 cos(ω𝑡) cos (ω𝑡 −
2π
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Based on the currents and machine inductance, the cage torque, Tcg is given by [16], [18]:  
 
 
 𝑇𝑐𝑔(t) = 𝑝 ∙ [iabc




sr ]) ∙ [iabc
r ] (24) 
 








The viscosity coefficient, B, usually assume small values, so it can be ignored. 
 
4.1.1. Relation between self- and mutual-inductances, and equivalent 
circuit model parameters 
In equations (12) to (25), used to develop the computational model of the motor, the values of 
self- and mutual-inductances were used. However, these are not the parameters of the per-
phase equivalent circuit. 
Let us consider a distributed and perfectly balanced three-phase winding, where: 
 




 𝑀𝐴𝐵 = 𝑀𝐴𝐶 = 𝑀𝐵𝐴 = 𝑀𝐵𝐶 = 𝑀𝐶𝐴 = 𝑀𝐶𝐵 (27) 
 


















Taking into account a balanced three-phase system, thus: 
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Since LA is related with the magnetic flux that crosses the air gap, and considering the magnetic 
fluxes generated in the stator phase A, linked by the rotor phase a, one obtains [19]: 
 
 








4.2. Computer modelling of the LS PMSM 
Based on (12) to (25), and the parameters calculated according to (26) to (30), the Matlab 
Simulink model represented in Figure 8 was used to obtain the expected performance of the 
motor, by taking into account the empirical parameters of the LS PMSM. 
 
 
Figure 8 – Matlab Simulink model of the LS PMSM. 
 
5. Experimental validation 
In order to verify the accuracy of the proposed methodology, the motor was tested under 
different loads levels, in both star (400 V) and delta (230 V) connection. Line current (I1), input 
power (P) and power factor (PF) were measured. 
These experimental results were compared with the simulation results to validate the 
experimentally obtained LS PMSM parameters. 
The analysis of Figures 9-14 allows us to verify the good match between the simulation results 
and the experimental ones. 
Existing deviations are due to real motor natural unbalances, parameters ignored in simulation, 
as well as rounded measured and calculated parameters. 
 
6. Conclusion 
In this paper an experimental procedure to extract the equivalent circuit parameters of a LS 
PMSM was proposed. 
These parameters were used to define the per-phase equivalent circuit of the LS-PMSM and, 
based on that, a Matlab Simulink model was developed. This model proved to reflect the 










   
Figure 9 – Line current 
(star connection). 






   
Figure 11 – Total power  
(star connection). 






   
Figure 13 – Power factor 
(star connection). 
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